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Abstract
In the field of orthopedic devices implant loosening is a major issue resulting in the majority of
device failures. These failures result in the need for costly secondary procedures. To reduce
device loosening an improved method of tissue anchoring is required. A previously studied
titanate nanofiber bioscaffold has been shown to be safely implantable and to contribute to the
differentiation of mesenchymal stem cells to osteocytes. Through the customization of both
physical and chemical characteristics this titanate nanofiber bioscaffold was fabricated as a
potential means to enhance tissue anchoring for use with orthopedic devices. This customization
was enabled by acoustic cavitation and cation exchange. Acoustic cavitation through sonication
was implemented to produce macrocavities of various sizes, ranging from 2-360µm, on the
scaffold surface. Different solutions including DDI water and chloride salts were tested to
determine optimal conditions for macrocavity formation. Cation exchange was achieved through
placing the scaffold in a chloride salt solution and applying high heat and pressure. Different
solution compositions and concentrations, exposure temperatures, and exposure times were
tested. SEM, EDAX, and XRD were used to confirm changes. The resulting bioscaffold is
unique with controllable 3D self-assembling nanostructures and the capacity for precise control
of its chemical composition.
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Introduction
The field of orthopedic implants is rapidly growing around the world. In the United
States alone the number of annual hip replacement procedures increased by 47.6% between the
years 2000 and 2012.1 It is now estimated that approximately 450,000 Americans receive a hip
implant each year.1 The failure rate of these devices ranges from 0.5-1% per year due to various
reasons with 75% of these failures attributed to loosening.2,3 This can occur around the femoral
stem of a hip implant as a result of insufficient implant fixation.2
Current methods implemented to solve this problem use an intermediate coating on the
device, most commonly a bone cement.2,4-6 These coatings work through creating an interface
between native tissue and the device to enhance fixation.4-6 In the case of bone cement it is used
as a filler between the femoral stem and the surrounding bone producing a frictional contact
layer to prevent slipping.5,6 Despite its frequency of use bone cement has several major flaws.
These include loosening at the implant-cement interface, cement cracking, and the presence of
wear debris resulting in tissue regression.4-6
With loosening rates remaining clinically relevant and the problems associated with the
use of bone cement an alternative means of implant fixation should be considered. One possible
alternative is the creation of a bioscaffold that promotes both tissue growth and fixation upon the
device. A titanium based scaffold could be immediately applicable as the majority of femoral
stems consist of titanium alloy due to its strength, biocompatibility, and bone-like response to
stress.6,7A titanate nanofiber bioscaffold has been shown to be biocompatible and support the
growth of bone tissue.8
This scaffold is self-assembled on a titanium surface through oxidation under high
temperature and pressure and presents a porous structure consisting of nanofibers.8 Pores range

5

in size from 2-10µm, are present across the entirety of the scaffold surface, and are large enough
to allow ingrowth of extracellular matrix.8 The native structure of the scaffold and its nanofibers
is displayed in Figure 1. Synthesis of the scaffold is relatively simple and inexpensive when
compared to other nanostructured surfaces and it displays capabilities for controlled drug release
and UV sterilization.8 The characteristics of this titanate nanofiber bioscaffold make it a viable
candidate for use on the surface of the femoral stem in hip replacements with the goal of
improving device fixation through tissue anchoring.9

Figure 1. Top-down SEM image of the titanate nanofiber bioscaffold

Tissue anchoring consists of native cells growing up to and attaching to an implant
surface.9 This process is influenced by the implant’s nanostructure and chemical composition.9 In
theory, a device with a customized surface nanostructure and chemical composition would
promote tissue anchoring thus improving device fixation. Methods implemented to provide such
customization would need to be predictably controlled in order to ensure the desired
modifications are made.
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It was discovered in this research that one means of surface modification is through
acoustic cavitation. This phenomenon occurs when a solution is exposed to ultrasonic waves for
a prolonged period of time.10 The energy of these waves causes bubbles to form and, once
reaching a critical point of maximum energy, burst. A solution’s vapor pressure and the
frequency of the ultrasonic waves combine to determine the critical energy point and in turn can
be adjusted in order to control bubble size and bursting force.10,11 These controllable acoustic
cavitations can be implemented to, through the exertion of their burst force, modify the surface
structure of a solid in solution. Titanate nanofiber bioscaffolds can benefit from this as an
enhanced 3D topography can be obtained. This topography is present on a nano scale and has the
potential to increase the number of focal points on the scaffold for cells to attach to thus
promoting tissue growth and anchoring.9

Experimental Methods
Scaffold fabrication
Using steel scissors 1x1cm squares or 1x1.5cm rectangles were cut from 0.127mm thick
titanium foil purchased from Alfa Aesar. Sample were then placed in Teflon containers with
5mL of acetone and sonicated for 20 minutes to remove the naturally occurring oxide layer.
After sonication samples were rinsed with DDI water, dried using a Kimwipe, and subsequently
placed in Teflon containers holding 10mL of 1M sodium hydroxide solution. Next, the
containers were sealed within digestion bombs and heated in an oven to 240 oC for 4 hours. The
bombs and their contents were extracted from the oven after 2 hours of cooling and the samples
were removed from solution. DDI water was used to rinse samples until a surface pH of 7.4 was
achieved as determined by a Mettler Toledo SevenEasy pH Meter. Samples were left to air-dry
7

in ambient conditions then stored and labeled. Optical microscopy and SEM were used to
confirm the presence of the self-assembled titanate nanofiber bioscaffold upon the sample
surface.

Macrocavity formation
Acoustic cavitation was used to produce macrocavities on the surface of the titanate
nanofiber bioscaffold. Samples were placed in plastic beakers and sonicated at 40 kHz in 50mL
of solution using a Branson 5510 Ultrasonic Cleaner. In order to determine the optimal
conditions for cavity formation trials utilized a selection of solutions at various concentrations
and a range of exposure times. The chloride salt solutions of calcium chloride, potassium
chloride, lithium chloride, sodium chloride, and strontium chloride were tested at concentrations
of 0.1M, 0.5M, and 1M. Acetone and DDI water were also used. Ultrasonic exposure times were
5, 10, 15, 30, 60, and 120 minutes. After sonication samples were immediately rinsed with DDI
water then allowed to dry in ambient conditions before characterization. Macrocavity formation
was observed and evaluated through the use of a Tescan Vega-II Scanning Electron Microscope,
a Vecco Dimension 3100 Atomic Force Microscope, and a Leica TCS SP5 Confocal
Microscope.

Cation exchange
The chemical composition of the scaffold was customized through the process of cation
exchange. This was achieved by placing samples in a chloride salt solution and exposing them to
high temperature and pressure. Solutions of calcium chloride, magnesium chloride, potassium
chloride, sodium chloride, and strontium chloride were prepared at a concentration of 0.5M and
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added to Teflon containers at a volume of 10mL. Once the titanate nanofiber bioscaffolds were
placed in solution the containers were sealed in a digestion bomb and heated in an oven to a
temperature of 180 oC for 8 hours. After having cooled samples were removed from their
containers, rinsed with a 0.25M solution of their corresponding chloride salt, and allowed to dry
in ambient conditions. A Rigaku Miniflex II Desktop X-Ray Diffractometer and Energy
Dispersive X-Ray were used to evaluate the chemical composition of the scaffolds after the
cation exchange process. Samples were characterized both before and after the procedure to
ensure accurate data as to changes in the chemical composition of each individual scaffold. Other
methods for cation exchange were attempted and consisted of soaking and stirring scaffolds in
solutions of the previously mentioned chloride salts at various temperatures over differing
periods of time. These experiments proved not to be successful and as such have been excluded.

Results
Macrocavity formation
The outcomes of acoustic cavitation were observed through the use of SEM. Exposure time,
solution composition, and solution concentration were compared in order to determine the
optimal means of controlled macrocavity formation upon the titanate nanofiber bioscaffold’s
surface. After 5 minutes of sonication no surface changes were observed as the critical energy
needed for acoustic cavitation was not reached.12 Once exposure time reached 10 minutes
macrocavities with an average diameter of 20 to 30µm and depth of 5 to 10µm began to be seen
on the scaffold surface. Representative images of an average macrocavity are depicted in Figure
2. As sonication time increased the quantity of macrocavities increased while the size of each
remained stable. Longer time frames resulted in the overlap of macrocavities as acoustic
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cavitations continue to occur in the region above the scaffold.11,12 This overlap provides a means
of overcoming the inherent macrocavity size limitation that is directly related to the diameter of
the bubbles when they burst.11-13 It was shown that cavities up to and over 360µm in length can
be created. While it may be attractive to attempt to produce large surface modifications on the
scale of hundreds of microns extend sonication times result in major deterioration of the native
scaffold. The effect of time on macrocavity formation was consistent across the chloride salt and
DDI water solutions tested and can be seen in Figure 3.

Figure 2. A) Cross-section SEM image of a macrocavity on the surface of a titanate nanofiber bioscaffold. B) Scaffold topography obtained
through confocal microscopy showing two macrocavities.

The influence of the solution in which the scaffold was sonicated was shown to have a
minimal effect in this study. This could be attributed to the similarities in vapor pressure between
the chloride salt solutions tested.14 One exception to this was in the case of sonication in acetone.
Samples placed in acetone solution were completely devoid of scaffold due to a high incidence
of acoustic cavitations as was expected as a result of acetone’s high vapor pressure of 30.8 kPa,
over 10 times greater than that of DDI water.14 While this result proved vastly higher vapor
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pressures could be used as a method of rapid surface modification it also showed that an
increased precision would be needed to obtain scaffolds with desirable properties.
A less drastic method of changing vapor pressures was through the ionic concentration of
solutions. Across all chloride salts tested a similar relationship between macrocavity formation
and concentration was observed. As concentration increased from 0.1M to 1M the solution’s
vapor pressure was decreased resulting in lower acoustic cavitation incidence rates and larger
bubble, and so macrocavity, diameters.13 This trend provides a predictable means of controlling
surface modifications to the titanate nanofiber bioscaffold through acoustic cavitation and is
shown in Figure 4.

Figure 3. Top-down SEM images of titanate nanofiber bioscaffolds after sonication in DDI water after A) 5 minutes B) 15 minutes C) 30 minutes
D) 120 minutes
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Figure 4. Top-down SEM images of titanate nanofiber bioscaffolds after 30 minutes of sonication in A) 0.1M strontium chloride B) 0.5M
strontium chloride C) 1M strontium chloride. Left column shows low magnification and right column shows high magnification.

Despite the noticeable trend produced through varying ionic concentrations, changes in
sonication time was determined as the most predictable and controllable method of macrocavity
formation. This conclusion also benefits commercialization and large scale production as
sonication in DDI water provides a simple, inexpensive, and effective means of scaffold surface
12

modification. It can be seen that these modifications resulting from sonication cause reductions
in the surface nanostructure of the scaffolds. This is remedied through a second synthesis of
titanate nanofibers using the same process as previously described. The final product of a sample
having been modified by acoustic cavitations and then experiencing scaffold regrowth is
displayed in Figure 5. This regrowth will allow for improved tissue adhesion through greater
viable surface area and an increase in focal points.9

Figure 5. Top-down SEM image of a titanate nanofiber bioscaffold after macrocavity formation and a second nanofiber synthesis
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Cation exchange
Due to the nature of the titanate nanofiber bioscaffold’s synthesis and structure there are sodium
cations that inhabit its inner reaches. Through exposure to 180 oC temperatures and pressures
near 10 atm it has been discovered that these native sodium cations can be exchanged for a
cation in solution. Chloride salt solutions were tested to prove this as they separate into ionic
form when exposed to water. Of the solutions tested strontium chloride was representative with
what can be seen in Figure 6 as full cation exchange. Potassium, and calcium solutions both
provided full cation exchange as determined through EDAX analysis of the scaffold atomic
composition before and after the proceedure. This result can be used to customize the surface
chemistry of the scaffold to account for its desired use. When considering the scaffold for use as
an orthopedic implant the ability to add calcium and strontium could enhance its capabilities.15

Figure 6. Result of EDAX testing of a titanate nanofiber bioscaffold before (top) and after (bottom) strontium cation exchange
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Conclusions
The ability to customize the surface topography and chemical composition of a
bioscaffold enables it to be used for a variety of purposes. When considering the field of
orthopedic implants a scaffold coating could enhance tissue growth and fixation resulting in a
decrease in device loosening and improved recovery times.9 Since titanium is a widely used
material implant, largely in the form of the femoral stem of a hip replacement, this titanate
nanofiber bioscaffold has the capability to be self-assembled on an implant’s surface. It has been
shown that an unmodified scaffold promotes tissue growth and with the additional improvements
described herein it is expected that tissue will respond positively.8
Through relatively simple processes two means of customizing this scaffold have been
discovered. These processes can be highly controlled and require only titanium, sodium
hydroxide, DDI water, and the chloride salt of choice for use in cation exchange. The equipment
needed to create and customize these titanate nanofiber bioscaffolds are widely available and
relatively uncomplicated to use. All of these factors are conducive to translating this research
into an industrial setting.
There are many topics of interest relating to the capabilities of this titanate nanofiber
bioscaffold that need to be explored in the future. Of particular relevance to its use as an implant
coating is controlled drug delivery. Due to the its nanofiber structure drug molecules can be
loaded within the scaffold to gradually release once implanted.8 This could be implemented to
further improve tissue growth, reduce inflammation, and enhance the local environment. Other
topics include electrochemical biosensing as the scaffold can be viewed as an insulator-metalinsulator. This property of the scaffold could be used to aid in vitro studies by detecting the
15

presence of cells and/or molecules on its surface. Further research in these areas could result in
the titanate nanofiber bioscaffold becoming more customizable and commercializable.
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